Simple Summary: Increasing litter size is critical for the intensive sheep production system. Genetic marker-assisted selection (MAS) based on proven molecular indicators could enhance the efficacy of sheep selection with improving litter size traits. Many single nucleotide polymorphisms (SNPs) linked with litter size in Hu sheep and Small-tailed Han sheep have been identified. However, they usually explain a small portion of genetic variation and additional genetic markers linked with litter size have not been found. The present study investigated the potential SNPs in ten genes as candidate markers for improved litter size in sheep. As a result, nine SNPs in six out of ten genes can be served as useful genetic markers to improve the selection of litter size since they are significantly associated with litter size either in Hu sheep or Small-tailed Han sheep. Further, a combined haplotypes analysis of the two loci (LIFR: g.35862868C>T and LIFR: g.35862947G>T) revealed that H2H3 (CTTT) combined haplotypes had the largest litter size than the rest combined haplotypes and more than those with either mutation alone in Small-tailed Han sheep. Our knowledge is essential to implement the MAS in sheep and further to increase the profitability in the sheep industry.
Introduction
Litter size is one of the most important economic traits because it has a noticeable impact on profitability in the sheep industry. If specific genetic makers associated with litter size are identified, marker-assisted selection (MAS) can be then used to improve the selection of litter size. Genomic selection is efficient but severely unaffordable in large sample size. Finding single nucleotide polymorphisms (SNPs) associated with litter size in candidate gene is an alternative method to improve the litter size in case of a limited budget. As well known, ovulation rate and embryo survival are directly linked to sheep litter size [1] . Therefore, it is an effective way to scan SNPs in genes with known reproductive physiology functions. Based on current literatures, ten genes (NGF, NTRK1, KIT, KITLG, LIF, LIFR, NCOA1, ADAMTS1, NPM1, and NOG) with known reproductive physiology functions (Figure 1 , Supplementary Materials Table S1) in animals were selected as potential candidate genes for sheep litter size. Specifically, KIT, KITG, NCF, and NTRK1 play roles in follicle growth [2] [3] [4] [5] [6] [7] [8] . Two single nucleotide polymorphisms (SNPs) in KIT were linked with goat litter size [9] . Similarly, ten loci in KITLG were significantly associated with goat litter size [10] [11] [12] [13] . ADAMTS1 and NOG were crucial for ovulation [14] [15] [16] [17] [18] and a mutation in ADAMTS1 was notably linked with litter size in a new Qingping female line [19] . NCOA1 was essential for embryo survival [20] . A significant association of SNPs in the NCOA1 gene with litter size in Icelandic sheep has been reported [21] . LIFR, LIF and NMP1 [22] [23] [24] [25] [26] [27] [28] play a vital role in embryo implantation. LIF linked with litter size in pigs has been reported [29] . In China, the population size of domesticated sheep was 116.35 million in 2017 and sheep meat accounts for 14.38 % for the meat production in the ruminant sector (http://www.fao.org/faostat/, last access date: 31 October 2019). Hu sheep and Small-tailed Han sheep are two majors, widely used high-fecundity sheep breeds for intensive sheep production system (house feeding) in China. The estimated inventory of Hu sheep and Small-tailed Han sheep were approximately four million and five million, respectively. These two breeds usually used as female parents crossing with elite ram breeds, e.g., polled Dorset, to produce meat.
Despite the relatively clear characterization of the roles of these ten genes in influencing the reproductive biological process, the assessment of these candidate genes for the genetic selection of sheep litter size has not been conducted extensively and systematically, particularly in Hu sheep and Small-tailed Han sheep. Our hypothesis for this study was that the potential SNPs in above In China, the population size of domesticated sheep was 116.35 million in 2017 and sheep meat accounts for 14.38 % for the meat production in the ruminant sector (http://www.fao.org/faostat/, last access date: 31 October 2019). Hu sheep and Small-tailed Han sheep are two majors, widely used high-fecundity sheep breeds for intensive sheep production system (house feeding) in China. The estimated inventory of Hu sheep and Small-tailed Han sheep were approximately four million and five million, respectively. These two breeds usually used as female parents crossing with elite ram breeds, e.g., polled Dorset, to produce meat.
Despite the relatively clear characterization of the roles of these ten genes in influencing the reproductive biological process, the assessment of these candidate genes for the genetic selection of sheep litter size has not been conducted extensively and systematically, particularly in Hu sheep and Small-tailed Han sheep. Our hypothesis for this study was that the potential SNPs in above mentioned ten candidate genes may be linked with litter size in Hu sheep and Small-tailed Han sheep.
Thus, the objectives of this study were to scan SNPs in these ten genes and to investigate the association of SNPs with litter size in Hu sheep (n = 537) and Small-tailed Han sheep (n = 420). Our findings may serve as useful genetic markers for Hu sheep and Small-tailed Han sheep.
Materials and Methods
The experimental protocols followed the guidelines stated in the Guide for the Use of Animal Subjects in Lanzhou University and the Rules and Regulations of Experimental Field Management Protocols (file No: 2010-1 and 2010-2), which were approved by Lanzhou University.
Phenotypic Data Collection and DNA Extraction
Increasing litter size is critical for intensive sheep production system (house feeding). Two sheep breeds, Hu sheep and Small-tailed Hans sheep were selected in this study because these two breeds are widely used in China for their high fecundity. In the current study, all ewes (Hu sheep and Small-tailed Han sheep) were raised under the same management conditions and were mated from September to December 2014, which was a short-day period in Minqing, Gansu province, China. Blood samples of 957 ewes with litter size recorded at first parity from February to April 2015 were collected at Minqing Zhongtian Sheep Industry Co., Ltd. (Minqing, Gansu Province, P.R. China), including 537 Hu sheep and 420 Small-tailed Han sheep. The experimental protocol across times was shown in Figure 2 . Data for the phenotype of litter size records in Hu sheep and Small-tailed Han sheep are shown in Figure 3 . The litter size ranged from one to five in Hu sheep and one to four in Small-tailed Han sheep. The average litter sizes in Hu sheep and Small-tailed Han sheep were 2.21 and 1.93. Genomic DNA was extracted using a phenol-chloroform method [30] and then dissolved in double-distilled water and stored at −20 • C. Animals 2019, 9, x FOR PEER REVIEW 3 of 15 mentioned ten candidate genes may be linked with litter size in Hu sheep and Small-tailed Han sheep. Thus, the objectives of this study were to scan SNPs in these ten genes and to investigate the association of SNPs with litter size in Hu sheep (n = 537) and Small-tailed Han sheep (n = 420). Our findings may serve as useful genetic markers for Hu sheep and Small-tailed Han sheep.
Materials and Methods
Phenotypic Data Collection and DNA Extraction
Increasing litter size is critical for intensive sheep production system (house feeding). Two sheep breeds, Hu sheep and Small-tailed Hans sheep were selected in this study because these two breeds are widely used in China for their high fecundity. In the current study, all ewes (Hu sheep and Smalltailed Han sheep) were raised under the same management conditions and were mated from September to December 2014, which was a short-day period in Minqing, Gansu province, China. Blood samples of 957 ewes with litter size recorded at first parity from February to April 2015 were collected at Minqing Zhongtian Sheep Industry Co., Ltd. (Minqing, Gansu Province, P.R. China), including 537 Hu sheep and 420 Small-tailed Han sheep. The experimental protocol across times was shown in Figure 2 . Data for the phenotype of litter size records in Hu sheep and Small-tailed Han sheep are shown in Figure 3 . The litter size ranged from one to five in Hu sheep and one to four in Small-tailed Han sheep. The average litter sizes in Hu sheep and Small-tailed Han sheep were 2.21 and 1.93. Genomic DNA was extracted using a phenol-chloroform method [30] and then dissolved in double-distilled water and stored at −20 °C. mentioned ten candidate genes may be linked with litter size in Hu sheep and Small-tailed Han sheep. Thus, the objectives of this study were to scan SNPs in these ten genes and to investigate the association of SNPs with litter size in Hu sheep (n = 537) and Small-tailed Han sheep (n = 420). Our findings may serve as useful genetic markers for Hu sheep and Small-tailed Han sheep.
Single Nucleotide Polymorphism Detection and Genotyping

Materials and Methods
Phenotypic Data Collection and DNA Extraction
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Single Nucleotide Polymorphism Detection and Genotyping
A total of ten DNA pools were constructed for two sheep breeds (each five) to identify potential SNPs in the ten genes analyzed. Each DNA pool comprised ten individuals which were randomly Animals 2019, 9, 958 4 of 14 selected balanced across all different litter sizes, as described in Table 1 . Different DNA pools contain the different individuals. A total of 119 paired primers were designed to amplify all exons and flanking regions of each gene (Supplementary Materials Table S1 ). The PCR reaction mixture was 25 µL, containing 1 µL pooled DNA, 0.4 µL forward primers, 0.4 µL reverse primers, 12.5 µL 2× Taq PCR MasterMix and 10.7 µL double-distilled water. The PCR protocol was 5 min at 94 • C for initial denaturing followed by 35 cycles at 94 • C for 30 s, annealing for 30 s, 72 • C for 30 s, and a final extension at 72 • C for 5 min. The purified PCR products were sequenced using an ABI 3730XL DNA analyzer (Applied Biosystems, Foster City, CA), and the sequences were compared using DNAstar to detect putative SNPs. The identified SNPs were individually genotyped by the SNPscan ® method (Genesky Biotechnologies Inc., Shanghai, China), which was based on double ligation and multiplex fluorescence PCR [31] . Three DNA samples were randomly selected from 957 samples to genotype twice, and two blank samples (double-distilled water) were also used to eliminate cross-contamination. 
Population Parameter Calculation and Quality Control
The SnpReady R package [32] was used to calculate the allele frequencies, minor allele frequency (MAF), polymorphic information content (PIC), expected heterozygosity (He), and observed heterozygosity (Ho) and to implement the Hardy-Weinberg equilibrium test. The formulas used to estimate population parameters were well descripted in the manual of SnpReady R package [32] . SNP was excluded for further analysis if its MAF was smaller than 0.05 and/or it seriously deviated from Hardy-Weinberg equilibrium (p < 0.001).
Single Nucleotide Polymorphism Association Analysis
A linear model was used to test the single SNP effect on the litter size in each sheep breed:
where L was an n × 1 vector of the litter size (Hu sheep, n = 537; Small-tailed Han sheep, n = 420), 1 n was an n × 1 vector with all elements equal to 1, µ was the overall mean, G was fixed effects corresponding to SNPs, and e was an n × 1 vector of random residual effect. Differences in mean litter size among genotypes were tested using the LSD test in the agricolae R package [33] . P < 0.05 was to be considered significant. P < 0.01 was considered to be highly significant. Bonferroni correction was applied for multiple testing between genotype groups.
The Haplotype Analysis
In the current study, only the significant SNPs in the same gene in each sheep breed were used to estimate the extent of linkage disequilibrium (LD) and haplotype blocks. Two significant SNPs (ADAMTS1: g.127753565T>C and ADAMTS1: g.127754640T>G) in Hu sheep and four significant SNPs (NCOA1: g.31928165C>T, NCOA1: g.32140565G>A, LIFR: g.35862868C>T and LIFR: g.35862947G>T) in Small-tailed Han sheep meet this precondition and were used for further analysis. The extent of LD between significant SNP pairs and haplotype blocks was estimated using the Haploview 4.2 software [34] . The model of association analysis between combined haplotypes and litter size was as follows in Formula (1) except that the genotype (G) was replaced by combined haplotypes. Numbers less than 12 of the combined haplotypes were excluded from the association analysis.
Results
Genotyping and Quality Control
A total of 78 putative SNPs in nine candidate genes (except NOG) were identified by DNA pooling sequencing ( Supplementary Materials Table S2 ). After evaluating the ligand primers, 50 out of 78 SNPs were genotyped using the SNPscan ® method ( Supplementary Table S2 ). The genotypic correlation coefficient of three pairs of technical repeats equal to one and no genotyping signals were detected in two blank samples, indicating that the SNPscan ® method is reliable. Eight SNPs (KIT: g.70224398T>A, ADAMTS1: g.127751615C>T, ADAMTS1: g.127753643C>T, ADAMTS1: g.127756130G>A, NPM1: g.3247135T>G, NPM1: g.3247450C>T, ADAMTS1: g.127753727C>T; and LIF: g.68801067C>T) in Hu sheep and six SNPs in Small-tailed Han sheep (KIT: g.70224398T>A, ADAMTS1: g.127756130G>A, NPM1: g.3247135T>G, NPM1: g.3247450C>T, ADAMTS1: g.127753727C>T, and LIFR: g.35867028T>C) were excluded for further analysis because their MAF were smaller than 0.05 and/or they seriously deviated from Hardy-Weinberg equilibrium (p < 0.001). Finally, a total of 42 SNPs in Hu sheep and 44 SNPs in Small-tailed Han sheep were used for further analysis ( Table 2 ). 
Population Genetic Parameters
The MAF, He, Ho, PIC and Hardy-Weinberg equilibrium test p-values are summarized in Table 2 Table 3 details the significant associations between the tested SNPs and litter size. Single SNP association analysis showed that three SNPs (KITLG: g.124520653G>C, ADAMTS1: g.127754640T>G, and ADAMTS1: g.127753565T>C) were significantly associated with litter size in Hu sheep, four SNPs (NCOA1: g.31928165C>T, NCOA1: g.32140565G>A, LIFR: g.35862947G>T, and NGF: g.91795933T>C) were significantly associated with litter size in Small-tailed Han sheep, two SNPs (KIT: g.70199073A>G and LIFR: g.35862868C>T) were strongly associated with litter size in Small-tailed Han sheep. LIFR: g.35862868C>T was the most significant locus in Small-tailed Han sheep (p = 0.0054). In this locus, sheep with the TT and CT genotypes were significantly greater than CC genotype carriers on litter size, which could be observed with overall litters size 0.33 and 0.29 greater than CC genotype carriers, respectively. Overall, nine SNPs (KIT: g.70199073A>G, KITLG: g.124520653G>C, ADAMTS1: g.127753565T>C, ADAMTS1: g.127754640T>G, NCOA1: g.31928165C>T, NCOA1: g.32140565G>A, LIFR: g.35862868C>T, LIFR: g.35862947G>T, and NGF: g.91795933T>C) were significantly associated with litter size in at least one sheep population ( Table 3 ). The remaining 36 SNPs were not significantly associated with litter size in any population (Supplementary Materials Table S3 ). Nine significant SNPs were mapped to sheepQTL database (https://www.animalgenome.org/cgibin/QTLdb/OA/index) to better understand the potential role of these SNPs. Nine SNPs were mapped to 13 litter size related quantitative trait loci (QTLs) ( Table 4 ). The nearest distance between SNPs and QTLs is 1.8 Mb (between KIT: g.70199073A>G and QTL 13975). 
Single Nucleotide Polymorphisms Associated with Litter Size
The Haplotype Analysis
The D (r 2 ) value is a factional indicator of LD and was calculated in this study. The D (r2) were 0.72 (0.34) and 0.30 (0.04) indicated that two SNPs (ADAMTS1: g.127753565T>C and ADAMTS1: g.127754640T>G) in Hu sheep ( Figure 4A ) and two SNPs (NCOA1: g.31928165C>T and NCOA1: g.32140565G>A) in Small-tailed Han sheep ( Figure 4B) were not closely linked. While two SNPs (LIFR: g.35862868C>T and LIFR: g.35862947G>T) were closely linked (D and r2 were 0.97 and 0.84, Figure 4C ). One haplotype block was identified in Small-tailed Han sheep ( Figure 4C) , where four different haplotypes were H1 (CG), H2 (TT), H3 (CT) and H4 (TG) ( Figure 5 ). The highest haplotype frequency was H1, which accounted for 48.7% of all haplotypes. H2 was the next largest proportion, at 47.1% followed closely by H3 (3.7%) and H4 (0.5%) (Figure 4 ). Since haplotypes with low frequencies were meaningless in statistical analysis, H4 was excluded from subsequent analysis. The association analysis showed that haplotype combinations were significantly associated with litter size in Small-tailed Han sheep ( Table 5 ). Individuals with H2H3 (CTTT), H2H2 (TTTT), H1H2 (CTGT) had greater litter size than individuals with H1H1 (CCGG). . 2.02 ± 0.78a H2H3 (14) 2.21 ± 1.05a
Note: S.D. in table headers denotes the standard deviation of litter size; H1denotes CG; H2 denotes TT; H3 denotes CT; a, b within the same column with different superscripts means p < 0.05; * p indicates the significant association at the significance level α = 0.05.
Discussion
Our hypothesis for this study was that the potential SNPs in these ten candidate genes may be linked with litter size in Hu sheep and Small-tailed Han sheep. If SNPs from the candidate genes were found significantly associated with litter size in a sheep breed, they could be served as molecular indicators for MAS. MAS based on prioritized molecular indicators could enhance the efficacy of sheep selection with improved litter size traits.
Nine SNPs in Hu sheep and eight SNPs in Small-tailed Han sheep with low polymorphic status (PIC < 0.25) were observed, and the heterozygosity of these loci were also notably low, which might be a result of artificial selection [38] . The majority of sites had a moderate (0.25 ≤ PIC < 0.5) or high polymorphic status (PIC ≥ 0.5), suggesting that these SNPs could provide more effective genetic information. One SNP in Hu sheep and nine SNPs in Small-tailed Han sheep significantly deviated from Hardy-Weinberg equilibrium, which was mainly due to nonrandom mating and/or artificial selection [38] .
In the current study, nine SNPs in six genes were strongly linked with sheep litter size, confirming their genetic roles in regulating sheep litter size. Previous research found two SNPs in KIT [9] and ten SNPs in KITLG were significantly associated with goat litter size [10] [11] [12] [13] . A mutation in ADAMTS1 was associated with pig litter size [19] . SNPs in NCOA1 were associated with litter size in Icelandic sheep [21] . Two SNPs in NGF were associated with litter size in goat [39] . In accordance with these studies, seven SNPs (KIT: g.70199073A>G, KITLG: g.124520653G>C, ADAMTS1: g.127753565T>C, ADAMTS1: g.127754640G>T; NCOA1: g.31928165C>T, NCOA1: g.32140565G>A, and NGF: g.91795933T>C) in five genes were significantly associated with litter size in Hu sheep or Small-tailed Han sheep. To the best of our knowledge, this report is the first to describe two SNPs (LIFR: g.35862868C>T, LIFR: g.35862947G>T) in LIFR that were significantly associated with sheep litter size. As a result, the finding that nine genetic markers were significantly associated with litter size in Hu sheep or Small-tailed Han sheep in the present study suggests that these SNPs were in LD with a nearby QTL for litter size or directly involved in the genetic control of the trait. To date, four QTLs on chromosome six, one QTL on chromosome three, three QTLs on chromosome 16 have been reported to contribute to the litter size (total lambs born) in sheep (Table 4 ). In this study, nine significant SNPs were not exactly located in any of these sheep litter size QTLs, the relatively short distances between SNPs and QTLs (e.g., 1.8 Mb between KITLG: g.124520653G>C and QTL 13975) indicated that it is possible that these markers are in LD with sheep litter size QTLs.
Previous research focused mainly on missense mutations because these SNPs can change amino acids and then protein function directly. Many missense SNPs, such as Y409N in KIT [9] , have been identified as litter size-related genetic markers in sheep [40] or other mammals [9] . In the current study, eight out of nine significant SNPs (KIT: g.70199073A>G; KITLG: g.124520653G>C, ADAMTS1: g.127754640G>T; NCOA1: g.31928165C>T; NCOA1: g.32140565G>A; LIFR: g.35862868C>T; LIFR: g.35862947G>T; and NGF: g.91795933T>C) are in the intronic region, and one SNP (ADAMTS1: g.127753565T>C) is a synonymous mutation (Ser→Ser), indicating that these SNPs are unlikely to affect litter size by changing the amino acid directly. Nevertheless, the effects of these mutations cannot be ignored because mutations in an intron can regulate gene expression [41] or splicing [42] , and synonymous mutations can affect mRNA splicing [43] , stability [44, 45] , protein translation, and folding [46] . Recent research has shown that a SNP (KITLG: c.1457A>C) in KITLG 3 -UTR can affect goat litter size by changing the microRNA binding site to regulate KITLG mRNA expression level [13] . This finding suggests that these mutations have potential functions in litter size, although the underlying genetic mechanism warrants further investigation.
It is necessary to analyze the combined effect of multiple loci on litter size, since the litter size is controlled by multiple genes and loci. In this research, associations between the combined haplotypes (in LIFR gene) and litter size of Small-tailed Han sheep were analyzed. The combined haplotypes of the two loci association analysis revealed that H2H3 (CTTT) combined haplotypes had larger litter sizes than other combined haplotypes and larger than those with either mutation alone in Small-tailed Han sheep. This result indicates that the LIFR: g.35862868C>T and LIFR: g.35862947G>T have an interaction effect on sheep litter size. A previous study showed that a combined genotype (TTAA) in KIT gene in three goat breeds showed a larger litter size than those carrying single mutations, which supported the interactive effect of multiple markers within a gene on the litter size [9] . Theoretically, the most positive combined haplotypes should be H2H2 (TTTT) based on the association analysis between single locus and litter size. However, the litter size between H2H2 and H2H3 was not significant, which suggests that both CTTT and TTTT were advantageous combinations affecting the sheep litter size.
We observed that parity had an important effect on sheep litter sizes because it was reported that the correlation between litter size and first to third parities was a significant positive correlation [40] . However, in the current study, only first parity data were collected. Thus, the model of the association analysis did not consider parities for the ewes, which would be essential for future studies.
Conclusions
In conclusion, we extensively and systematically investigated potential SNPs in ten genes (NGF, NTRK1, KIT, KITLG, LIF, LIFR, NCOA1, ADAMTS1, NPM1, and NOG) as candidate markers for improved litter size in sheep. Nine SNPs in six genes (KIT: g.70199073A>G, KITLG: g.124520653G>C, ADAMTS1: g.127753565T>C, ADAMTS1: g.127754640G>T, NCOA1: g.31928165C>T, NCOA1: g.32140565G>A, LIFR: g.35862868C>T, LIFR: g.35862947G>T, and NGF: g.91795933T>C) were significantly associated with litter size in Hu sheep or Small-tailed Han sheep. The combined haplotypes analysis of the two loci (LIFR: g.35862868C>T and LIFR: g.35862947G>T) revealed that H2H3 (CTTT) combined haplotypes had more litter size than other combined haplotypes and more than those with either mutation alone in Small-tailed Han sheep. These nine SNPs can be served as useful genetic markers for MAS in Small-tailed Han sheep and Hu sheep.
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